1. Introduction {#s1}
===============

Magnetic resonance imaging (MRI) of rodents is a promising method for translational studies of pain processing, helping elucidate rodent brain responses to pain in noninvasive ways that no other techniques can, and potentially aiding the development of clinical treatments.^[@R66]^ To gather functional scan data comparable to human data, rats and mice are ideally awake in the scanner and require restraint to eliminate motion artifact. Magnetic resonance imaging environment training is often performed to habituate animals to the scanner environment and consists of exposure to restraint and scanner noise over a number of days.^[@R2],[@R25],[@R43],[@R46]^ However, both restraint and noise are stressors for rodents^[@R29],[@R41],[@R56]^; so pain-related brain activation results could be confounded by large stress effects. Indeed, it has recently been shown that restraint stress causes large-scale alterations in rodent functional brain networks,^[@R34]^ suggesting that training for awake imaging could qualitatively alter the blood flow and blood oxygenation level dependent (BOLD) responses that are outcome measures of functional imaging.

Training techniques vary among laboratories (Table [1](#T1){ref-type="table"}), with some implanting cranial posts into the skulls of rodents to secure the head,^[@R31]^ and others using ear bars and bite bars for the front incisors to "clamp" the head into position.^[@R2],[@R32],[@R43],[@R44]^ All techniques consist of habituating the animals to the scanner environment (or a mock one) for at least 3 days, some restraining for up to 90 minutes from the first session,^[@R2],[@R3],[@R21],[@R24],[@R26],[@R43]^ and others increasing in 10- to 15-minute increments per day.^[@R31],[@R45],[@R46],[@R75]^ King et al.^[@R43]^ investigated the effects of scanner acclimation on heart and breathing rate, and blood stress hormone (corticosterone) levels over 8 days and stated that as few as 3 days of acclimation could reduce physiological and hormonal stress levels enough to improve signal-to-noise ratio in functional MRI (fMRI) scans. Reed et al.^[@R58]^ investigated the effects of restraint training on 22 kHz ultrasonic vocalizations (a suggested index of negative effect) and behavioral outcomes and saw that vocalizations reduced by day 3, but that exploratory behaviors were decreased, and depressive-like behaviors increased after 5 days of acclimation. No study has investigated long-term effects of training on stress hormones, or on pain behaviors, which are highly influenced by stress (see reviews ^[@R10]^). These measures are important for scientists to understand, in order to improve the translational potential of rodent imaging studies.

###### 

Summary of published training protocols for rodent awake functional MR imaging studies.

![](jop-157-1761-g001)

![](jop-157-1761-g002)

![](jop-157-1761-g003)

We aimed to model key features from published training protocols, all of which involve physical restraint of the head and body to some extent, and exposure to loud noise, over a number of days. We investigated the effects of 3 days of restraint training on pain behaviors and stress responses throughout the restraint-training period, and also investigated long-term effects of training by measuring pain responses to a formalin pain challenge 2 weeks later.

We suggest that repeated exposure to fMRI training may cause long-lasting alterations in pain and stress responses and may have the potential to confound the interpretation of imaging data from studies aimed at isolating pain-related brain activation in the rodent.

2. Materials and methods {#s2}
========================

2.1. Animals {#s2-1}
------------

Male Long Evans rats (Charles River, 8 weeks of age, 250-300 g; 10-12 per group) arrived at the animal facility and were pair-housed on a 12:12 hour light:dark cycle, with free access to food and water for 2 weeks before experiments began. All experiments were approved by the National Institute of Neurological Disorders and Stroke, Animal Care and Use Committee at the National Institutes of Health. All experiments were performed between 9 [am]{.smallcaps} and 1 [pm]{.smallcaps}, during the light phase.

Animals were assigned to either the restrained condition (REST) or control condition (CON). Treatment groups were housed in the same room within the animal facility and cohorts of 6 rats were tested at a time. Pair-housed rats received the same treatment, and restrained and control cohorts were tested separately. Although it has been suggested that acclimatizing rodent in pairs may be helpful,^[@R51]^ we tested the rats one at a time, as is most commonly done in studies that acclimatize the animals to the magnetic resonance (MR) environment.

2.2. Treatment groups {#s2-2}
---------------------

### 2.2.1. Restraint treatment {#s2-2-1}

The restraint treatment was designed to replicate the main features of a number of training procedures used to train rats for awake imaging within the MRI machine,^[@R2],[@R3],[@R43]^ mainly involving restraint of the head and body, and exposure to loud scanner noise over a number of days (Table [1](#T1){ref-type="table"}, pages 38-40). Magnetic resonance imaging restraint cradles, with head coil tubes, were custom made to the same specifications as the cradles used for small animal imaging, to accommodate rats from 250 to 500 g (National Institute of Neurological Disorders and Stroke/National Institute of Mental Health machine shop, National Institutes of Health).

On days 2, 3, and 4, animals arrived individually in the testing room and were briefly anesthetized (\<3 minutes) with 2% isoflurane in 2 L/min O~2~ in an induction box while being fitted snugly into clean fabric restraint devices (Lomir Biomedical Inc, QC, Canada), which immobilized all limbs and left the head and tail protruding at each end. While still sedated, rats were placed into a clean MRI cradle mock-up (Fig. [1](#F1){ref-type="fig"}A) and the head placed into the head coil tube mock-up. Rats were then taped to the bench surface with duct tape to prevent self-damaging movement and escape, but not enough to restrict breathing. As animals awoke from anesthesia while restrained, a timer was started for 30 minutes and a loud recording of an MRI echo planar imaging sequence began, delivered through large over-ear headphones (Sony, model \#MDR-NC8, Tokyo, Japan). Noise levels were similar to those within a 7.4T Bruker Pharmascan small animal MRI (∼90 dB) in the center of the headphones, where the rats\' heads were positioned. An experimenter closely observed the animal throughout the entire testing period to monitor the animals\' physical safety. After 30 minutes, tape was removed and restraint devices were undone; all animals voluntarily freed themselves immediately and were returned to holding cages before being taken through to another testing room for sensory testing.

![(A) Images of restraint-training procedures. Restrained animals woke up from brief anesthesia in the cradle equipment, being physically firmly restrained and taped to the bench top to prevent self-injurious behavior (but not restrict breathing). An MRI EPI sequence was played through headphones for 30 minutes, at a level of 90 dB where the animal\'s head rested. For controls, animals awoke from brief anesthesia in a clean cage containing the same restraint cradle and jacket and heard the same EPI sequence at ∼18 dB through headphones. Black rubber rat used for illustrative purposes. (B) Experimental time line. MRI EPI, magnetic resonance imaging echo planar imaging.](jop-157-1761-g004){#F1}

To monitor distress and set ethical experimental endpoints, behavioral distress scores^[@R61]^ were noted every 5 minutes during the restraint period. If any animal scored at a level of 5 ("Mild agitation for about half of the restraint period") or above for more than 5 minutes, testing was to be terminated. In addition, any animal that lost more than 10% of its body weight, or showed a decrease in body condition score^[@R36]^ over the course of 5 days of testing, was to be excluded. No animals were excluded from the analysis for these reasons.

After testing, all the used restraint devices were placed into a sealed bag. Restraint cradles, earphones, and bench tops were cleaned with 70% ethanol and wiped to remove traces of previous animals before the arrival of the next animal.

### 2.2.2. Control treatment {#s2-2-2}

Control rats were tested on different days to restrained rats. Similarly, on days 2, 3, and 4, animals arrived individually in the testing room and were briefly anesthetized (\<3 minutes) with 2% isoflurane in 2 L/min O~2~ in an induction box. However, rats were not restrained, but instead awoke from anesthesia in a clean housing cage together with clean restraint apparatus (fabric restrainer and MRI cradle, Fig. [1](#F1){ref-type="fig"}A). Headphones playing the same MRI echo planar imaging sequence were hung over the edge of the cage and the sequence was played at ∼18 dB. Over the 30-minute period, animals were free to explore the cage and apparatus. At the end of this period, rats were returned to holding cages before being taken through to another testing room for sensory testing.

As with the restrained group, after testing, the restraint device present in the cage was placed into a sealed bag. Restraint cradles, earphones, and bench tops were cleaned with 70% ethanol and wiped to remove traces of previous animals before the arrival of the next animal. Cages in which the animal had been exposed to equipment were removed from the room.

### 2.2.3. Both groups {#s2-2-3}

To simulate pain testing used in previous MRI awake rodent paradigms,^[@R2]^ on day 4 (third restraint day), 5 minutes before the end of the exposure period, every animal was removed from the apparatus (either from the fabric restraint or from the cage containing the equipment) and restrained in a clean black towel while thermal heat stimuli were applied through a thermode (4 × 4 mm) to the plantar surface of the right hind paw (Medoc TSA II; Medoc, Ramat Yishai, Israel). All rats received four 36-second heat stimuli (48°C), with an interstimulus interval of 32 seconds. This procedure took 2 to 3 minutes. This acute pain stimulus was also used as a positive control to confirm that acute pain increases corticosterone (CORT) levels. Afterwards, as on other days, rats were returned to holding cages before being taken through to another testing room for sensory hypersensitivity testing.

2.3. Experimental timeline {#s2-3}
--------------------------

See Figure [1](#F1){ref-type="fig"}B for the experimental time line. One week after arriving at the facility, rats were handled and acclimated to mechanical and thermal withdrawal threshold testing equipment. On 3 consecutive days before baseline testing, rats were placed into acrylic chambers, 20 × 10 × 12 cm (IITC Life Science Inc, Woodland Hills, CA) for 30 minutes and left quietly to acclimate to testing boxes.

Animals were weighed daily on testing days, except the final day 16. Baseline mechanical and thermal withdrawal thresholds were taken on day 1. Thermal thresholds were measured using the Hargreaves apparatus (Ugo Basile, Varese, Italy), where a radiant heat source shines through a thermo-neutral glass plate onto the plantar surface of the hind paw---when the rat flinches away from the heat, the heat source shuts off and the time to flinch (in seconds) is displayed. Cutoff time was set at 20 seconds to prevent tissue damage. Mechanical thresholds were measured using a dynamic plantar anesthesiometer (Ugo Basile), where a filament rises through a wire mesh floor and is applied to the plantar surface of the hind paw from underneath. When the animal flinches, the filament drops, and the force (in grams) that provoked the flinch is displayed. Maximum force was set to 50 g. Each animal was tested one at a time, in the thermal, then mechanical withdrawal equipment, and equipment was thoroughly cleaned and dried between animals (70% ethanol followed by 1:10 dilute Windex \[SC Johnson, Racine, WI\]). Immediately after sensory threshold testing, 70 μL of blood was taken through a ∼1 mm tail nick using an \#11 scalpel blade at the tip of the tail and collected into heparin-coated capillary tubes. Tubes were immediately spun using a high-speed microcentrifuge (StatSpin CritSpin; Beckman Coulter Inc, Indianapolis, IN) for 2 minutes and blood plasma were collected and stored at −80°C.

On days 2 to 4, rats were subjected to restraint (restrained, REST, group) or exposure to restraint apparatus (control, CON, group). Testing order of animals was rotated between animals each day so that no animal was tested at the same time every day to control for the effect of time of day on nociceptive behavioral testing.^[@R14]^ For all animals, the order of testing was as follows:(1) All animals in the cohort were removed from the animal facility in their home cages and placed into a quiet "holding room" for ∼30 minutes to settle.(2) Individual rats were removed from the holding room in a clean holding cage and were taken to the testing room for treatment (REST or CON). Nontested animals remained in the holding room.(3) Individual animals were restrained, or not, by a female experimenter in the testing room.(4) Afterwards, each animal was placed back into their holding cage and taken to a third room where thermal and mechanical testing occurred, and blood was taken by a blinded female experimenter.(5) After testing, rats were replaced into their holding cage and removed from the testing room, being kept separate from all other animals until all testings were complete.(6) After the final animal was tested, all animals in the cohort were returned to their home cages and returned to the animal facility.

On day 5, all animals had sensory thresholds taken in the same manner as the baseline measurements (individually, thermal then mechanical, then finally blood was taken).

On the 14th day after baseline testing (day 15), rats were subjected to a final set of sensory threshold testing and blood collection, tested in the same manner as for baseline measurements.

On the final day, day 16, rats were brought into a testing room one at a time and received 50 μL of 1% formalin in saline injected subcutaneously into the plantar surface of the right hind paw. Animals were immediately placed into Plexiglas observation boxes (30 × 30 × 30 cm) where an angled mirror displayed the underside of the animal, for video recording over 60 minutes. Immediately after the 60-minute recording period, a final blood draw was taken and rats were anesthetized with 5% isoflurane, then transcardially perfused with 4% paraformaldehyde. Brain tissue was extracted, postfixed for 24 hours, and placed into 30% sucrose for 14 days. Tissue was then blocked and frozen into Tissue-Tek OCTcryoprotectant (Sakura Finetek USA Inc, Torrance, CA) and stored at −80°C.

2.4. Sensory sensitivity analysis {#s2-4}
---------------------------------

Because of large interindividual differences within groups, data were converted to percentage change from baseline for each animal. Thermal and mechanical withdrawal thresholds were analyzed using SPSS v22 (IBM, New York, NY) in a 2-way repeated-measures mixed-model analysis of variance (ANOVA) with treatment group, test day and paw as factors. Bonferroni post hoc tests were carried out as appropriate, if a main effect was seen.

2.5. Formalin test analysis {#s2-5}
---------------------------

Behavioral videos of formalin responses were manually scored in 5-minute time bins up to 60 minutes, using JWatcher software (<http://www.jwatcher.ucla.edu/>). Outcome measures scored were time spent lifting of the injected paw; time spent licking the injected paw; number of flinches of injected paw; time spent guarding the injected paw; time spent exploring the test chamber; and number of rears per time bin. A weighted pain score was calculated, adapted from Dubuisson and Dennis (1977) according to the following equation:

Data were analyzed using SPSS in a repeated-measures mixed-model 2-way ANOVA, with treatment and time bin as factors. Bonferroni post hoc tests were carried out as appropriate, if a main effect was seen.

2.6. Histology {#s2-6}
--------------

To gain a measure of brain activation which was not MR-related and was therefore a reflection of MR training alone, brain blocks containing the amygdala (−1.50 to −3.00 mm relative to Bregma)^[@R53]^ were sectioned into 30-μm slices and every seventh slice (210 μm intervals) stained for Fos protein, a product of the *c-fos* immediate early gene and marker of cell activation. Briefly, endogenous peroxidase activity was inactivated with 0.6% hydrogen peroxidase, then free-floating sections were incubated for 48 hours at 4°C in 0.01 M phosphate-buffered saline (PBS, pH 7.4) containing 1% normal donkey serum (Jackson ImmunoResearch Labs, West Grove, PA), 0.3% Triton X-100 (Sigma, St. Louis, MO), and rabbit anti-c-fos IgG (1:3000, Cat. \# SC-52; Santa Cruz Biotechnology, Santa Cruz, CA). To visualize the Fos-positive cells using the avidin--biotin complex method, sections were incubated in PBS-containing normal donkey serum, Triton-X, and biotin-SP-AffiniPure donkey anti-rabbit IgG (1:500; Jackson ImmunoResearch Labs) for 1 hour, then in PBS-containing avidin-biotinylated horseradish peroxidase complex (Vectastain elite ABC kit; Vector Lab, Burlingame, CA) for another hour. Sections were incubated for 6 minutes in 0.05 M Tris buffer (pH 7.2) containing 0.03% 3′,3′-diaminobenzidine (Sigma) and 0.0075% hydrogen peroxide (Sigma). All steps were carried out at room temperature except when indicated, and each step was followed by PBS washes. Sections were then rinsed in distilled water, slide-mounted, dehydrated in ethanol, cleared in xylene, and finally coverslipped in Permount (Fisher Scientific, Fair Lawn, NJ).

To quantify, bright field images were taken at ×5 magnification using a Leica DM5500B microscope. Six to eight sections per animal were imaged bilaterally. Number of Fos-positive cells was quantified using NIS Elements software (Nikon Instruments Inc, Melville, NY), where a region of interest (ROI) was placed over the basolateral (BLA) (96.2 mm^2^) and central (CeA) (64.9 mm^2^) nuclei of the amygdala, bilaterally, and cell counts were automatically quantified. Average cell counts per ROI were calculated. Because of differences in staining intensity between staining batches, average cell counts per batch were calculated and each animal normalized to the batch mean. Group differences were compared by one-way ANOVA. All data were graphed in Prism 6 (GraphPad Software Inc, La Jolla, CA).

3. Results {#s3}
==========

3.1. Restrained animals gain weight more slowly than control groups {#s3-1}
-------------------------------------------------------------------

All animals gained weight over the course of the 15-day testing period (day F~(5,115)~ = 20.01, *P* \< 0.0001, Fig. [2](#F2){ref-type="fig"}). At the final time point, both groups lie within the normal weight ranges for male Long Evans rats at 12 weeks of age (350-430 g, according to <http://www.criver.com/products-services/basic-research/find-a-model/long-evans-rat>), but nevertheless, restrained rats gained less weight overall and weighed significantly less on day 15 than controls (*P* = 0.006).

![Restrained rats gained less weight over the testing period than controls (F~(5,\ 115)~ = 20.01, *P* \< 0.0001), weighing significantly less than controls on day 15 (D15, *P* = 0.006). \*\*CON vs REST at day 15. n = 10 per group. CON, control; REST, restrained.](jop-157-1761-g006){#F2}

3.2. Corticosterone stress responses are greater in restrained animals {#s3-2}
----------------------------------------------------------------------

Restrained animals showed higher levels of CORT than controls overall in response to treatment (F~(1,102)~ = 21.47, *P* \< 0.0001, Fig. [3](#F3){ref-type="fig"}A), with clear peaks compared with baseline at day 1, immediately after the first restraint (*P* \< 0.0001), and day 3, after acute thermal pain challenge (*P* \< 0.0001). Restrained animals had significantly higher CORT levels than controls on days 1, 3, and postrestraint (*P* \< 0.001, *P* = 0.011 and *P* = 0.005, respectively).

![(A) Restrained animals showed the highest levels of CORT overall in response to treatment (F~(1,102)~ = 21.47, *P* \< 0.0001), and there was an overall effect of treatment day on CORT levels (F~(5,102)~ = 5.89, *P* \< 0.0001), plus a significant treatment × day interaction (F~(5,102)~ = 2.46, *P* = 0.038). On days 1, 3, and postrestraint, REST animals had significantly higher levels of CORT compared to CON animals (asterisks on graph, post hoc values: D1 *P* \< 0.001, D3 *P* = 0.011, post *P* = 0.005). Diamonds represent each group\'s day vs baseline---for REST animals, D1 *P* \< 0.0001, D3 *P* \< 0.0001, post *P* = 0.007. There was a significant increase in CORT on day 3 vs baseline for both groups (*P* \< 0.0001), after an acute thermal pain stressor. (B) After the thermal pain stressor on day 3, REST animals had higher CORT levels than CON animals (*P* = 0.011). n = 10 per group. CON, control; CORT, corticosterone; REST, restrained.](jop-157-1761-g007){#F3}

On day 3, while both groups showed an increase in CORT responses compared with baseline after the acute thermal pain stressor (*P* \< 0.0001), REST animals showed the greatest response (*P* = 0.011 vs CON, Fig. [3](#F3){ref-type="fig"}B).

3.3. Thermal and mechanical withdrawal thresholds are not affected by restraint but drop after acute thermal heat challenge {#s3-3}
---------------------------------------------------------------------------------------------------------------------------

Control and restrained animals did not show deviations from baseline thermal withdrawal thresholds until the third day, when both groups showed a significant drop in thermal withdrawal thresholds after noxious heat challenge (F~(1,252)~ = 7.46, *P* \< 0.0001, Fig. [4](#F4){ref-type="fig"}A). Although only the right paw received thermal stimulation on day 3, the reduced withdrawal threshold occurred bilaterally, with no difference between left and right paws on any day (F~(1,252)~ = 1.04, *P* = 0.31). Similar bilateral effects were observed for mechanical withdrawal thresholds (Paw F~(1,\ 252)~ = 0.00, *P* = 0.99), with both the restrained and control groups showing a decrease in mechanical withdrawal threshold after the noxious thermal challenge on day 3 (Treatment F~(2,252)~ = 0.39, *P* = 0.53, day 3 *P* = 0.009, Fig. [4](#F4){ref-type="fig"}B).

![(A) Restrained and control groups showed no differences in thermal withdrawal thresholds (F~(1,252)~ = 2.29, *P* = 0.13) and there were no differences between left and right hind paw thresholds (F~(1,252)~ = 1.04, *P* = 0.31), so data from the right hind paw only is shown on graphs. However, there was a significant effect of day (F~(5,252)~ = 7.46, *P* \< 0.0001) as on day 3, both groups showed a drop in thresholds after acute thermal pain challenge (*P* \< 0.008). \*\*Both groups *P* = 0.008 day 3 vs baseline. (B) There were no group differences in mechanical paw withdrawal thresholds (F~(1,252)~ = 0.39, *P* = 0.53), but there was an overall effect of time (F~(5,252)~ = 5.45, *P* = 0.005) and both groups showed a drop in thresholds on day 3. \*\*Both groups *P* = 0.009 day 3 vs baseline. n = 12 per group. CON, control; REST, restrained.](jop-157-1761-g008){#F4}

3.4. Restrained animals show decreased nociceptive responses to a formalin challenge 2 weeks after restraint treatment {#s3-4}
----------------------------------------------------------------------------------------------------------------------

When the formalin pain test was performed on day 16 (12 days after the final restraint), previously restrained animals showed a lower weighted pain score than CON to 1% formalin (F~(1,264)~ = 17.69, *P* \< 0.0001, Fig. [5](#F5){ref-type="fig"}A), suggesting a delayed analgesic effect of restraint training on pain behaviors.

![(A) Restrained animals showed decreased behavioral responses (weighted pain scores) to 1% formalin injection in the hind paw compared with control animals, when tested 2 weeks after restraint (F~(1,264)~ = 17.69, *P* \< 0.0001). \**P* \< 0.05, \*\**P* \< 0.01, controls vs restrained groups. n = 11 to 12 per group. (B) Both restrained and control animals showed increases in CORT responses vs baseline after the formalin test (REST *P* = 0.003, CON *P* = 0.02, 1-tailed Wilcoxon matched-pairs signed rank test). \**P* \< 0.05 and \*\**P* \< 0.01 post-restraint vs baseline, n = 11 to 12 per group. BL, baseline; CORT, corticosterone; Post, post formalin.](jop-157-1761-g009){#F5}

Corticosterone hormonal levels were evaluated immediately after formalin behavioral testing. Both restrained and control animals showed increases in stress hormone compared with their baselines (REST *P* = 0.003, CON *P* = 0.02, Fig. [5](#F5){ref-type="fig"}B), suggesting that formalin was stressful for both groups, despite the differences in their behavioral reactions to the formalin injection.

3.5. Restrained animals show a greater amygdalar response to formalin compared with controls {#s3-5}
--------------------------------------------------------------------------------------------

When Fos-positive cells were quantified in the BLA and CeA, there were bilateral increases in Fos immunoreactivity (*P* ≥ 0.63), therefore left and right hemisphere ROI counts were pooled.

In the BLA, there were no group differences in Fos immunoreactivity (*P* = 0.27, Fig. [6](#F6){ref-type="fig"}B). However, in the central, or "nociceptive" amygdala, there was significantly greater Fos immunoreactivity, and by extension cell activation, in the CeA of the restrained rats compared with controls, (*P* \< 0.0001, Fig. [6](#F6){ref-type="fig"}C). These results suggest that restraint training caused lasting alterations in the processing of formalin pain in the brain.

![(A) Whole brain image of Fos-stained slide, plus enlargement of regions of interest (ROIs) used for cell quantification. Red dashed lines indicate the central nucleus (CeA) and basolateral nucleus of the amygdala (BLA), and red and yellow circles indicate ROIs for those regions. (B) In the BLA, there were no differences between restrained and control animals in Fos-positive cell numbers post-formalin (*P* = 0.27, one-tailed t test). (C) Restrained animals showed more Fos-positive cells in the CeA after the formalin test compared with controls. \*\*\*\**P* \< 0.0001, n = 11 to 12 per group.](jop-157-1761-g010){#F6}

4. Discussion {#s4}
=============

In this study, we modeled previously published training protocols for fMRI of awake rats and found both short-term and long-term effects of training. We found that although training led to similar mechanical and thermal nociceptive responses during the training days, they caused delayed effects on pain behaviors in the formalin test 2 weeks later, with associated alterations in brain processing of pain. Further, despite the absence of nociceptive behavioral differences on the training days, CORT levels were elevated, indicating that the restrained rats were physiologically more stressed than the controls. Additionally, restrained rats gained weight at a slower pace than control animals. This reduced weight gain is in line with literature showing that physical restraint (acute and chronic) prevents weight gain in rats.^[@R23],[@R30],[@R33],[@R55],[@R76]^ Our findings of increased CORT and reduced weight gain in response to training is consistent with studies showing that restraint reliably activates the hypothalamic-pituitary-adrenal gland axis, and as such is a stressful procedure.^[@R27],[@R40],[@R47],[@R59]^

Behaviorally, restrained animals showed no differences to control animals in thermal and mechanical withdrawal thresholds when tested immediately after restraint. Based on the published effects of restraint, we expected to see stress-induced changes in nociceptive behavior, most likely stress-induced analgesia (SIA). Stress-induced analgesia is a phenomenon where exposure to a stressor causes a reduction in pain behavior. First described over 4 decades ago, SIA and its underlying neurobiology has been extensively studied (see ^[@R10]^ for a review) and has been documented in rodents and other mammals after acute restraint,^[@R11],[@R17],[@R42],[@R59],[@R71]^ often manifesting in longer withdrawal responses to tail flick tests (where a rodent flicks its tail to remove it from painfully hot water) and hot-plate escape latencies. As SIA has been shown in response to a thermal nociceptive stimulus, we expected restrained animals to show decreases in thermal withdrawal thresholds relative to control rats, but did not see differences. This could partly be due to the fact that MRI training and scanning not only involves physical restraint but also exposure to loud (\>85 dB), unpredictable noises. Noise is a stressor for rodents and causes elevated CORT levels,^[@R1],[@R35]^ increased startle responses,^[@R19]^ stress-related analgesia through endogenous opiate systems^[@R18]^ and has even been used to induce an animal model of fibromyalgia.^[@R29],[@R41]^ The combination of both physical restraint and loud noise could affect the stress response in different ways to a single stressor alone. Indeed, combinations of stressors including restraint, foot shock, noise, and exposure to predator odors have been used to create rodent models of post-traumatic stress disorder, which can cause enhanced or reduced pain responses depending on the model used and nociceptive measurements employed (see ^[@R70]^ for a review).

An alternative explanation for the lack of expected SIA could be that, simple reflexive behavioral tests such as the Hargreaves test may not be sensitive enough to uncover the subtle and complex cognitive changes induced by fear and stress, and their interaction. The literature on the effects of physical restraint alone has documented effects on a variety of cognitive modalities including anxiety and depressive-like behaviors,^[@R16],[@R30],[@R49]^ spatial memory formation and recall,^[@R6],[@R15]^ object recognition and memory,^[@R4]^ fear learning^[@R60]^ and social interaction.^[@R72]^

Two weeks after MRI training, rats received a formalin pain test. Previously restrained rats showed a reduction in pain behaviors relative to controls---possibly a long-lasting form of SIA. In addition, the CeA showed greater activation in the restrained group compared with controls, and vs the BLA, suggesting that MRI restraint training can qualitatively alter central pain processing. The CeA and BLA are both involved in pain processing^[@R50]^---the BLA acts to integrate polymodal sensory information and projects to the central nucleus, but the CeA has been called the "nociceptive" amygdala, where anxiety and fear-related inputs are integrated, and projections to the forebrain and periaqueductal gray then influence top-down and descending modulation of pain-related signals.^[@R12],[@R13],[@R69]^ The increase in cell activation of the CeA suggests that BOLD and cerebral blood flow outcome measures could also potentially be affected by changes in pain-related processing after MRI training.

Current rodent imaging protocols often anesthetize animals to eliminate movement artifact within the scanner and reduce stress effects,^[@R28],[@R52],[@R64]^ but anesthesia depresses cortical activity and can have large effects on the main outcome measures of functional imaging---blood flow and BOLD responses---in both humans and rodents.^[@R44],[@R48],[@R57],[@R62]^ Additionally, anesthetics cause loss of consciousness, which is problematic when investigating outcome measures with a large cognitive component such as emotional processing, pain, stress, memory, and decision-making tasks. Therefore sedatives (ie, alpha-chloralose) in combination with paralytics (ie, pancuronium bromide) have been used to subdue rodents and remove the possibility of motion artifact.^[@R54],[@R63]^ Although this method retains a good signal-to-noise ratio for functional imaging,^[@R68]^ alpha-chloralose is unsuitable for recovery and/or longitudinal studies. Furthermore, animals are still responsive to external stimuli and, coupled with paralysis, this raises the possibility that the animals are highly stressed, but cannot respond behaviorally, potentially confounding cerebral blood flow and BOLD responses.

Imaging rodents while awake is the best way to gain translational functional brain imaging data, but rats must be trained to tolerate the scanner environment---MRI experiences can be stressful in humans, but rodent imaging is obviously complicated by the fact that procedures cannot be explained to rodents, nor can they be expected to stay still. Current training models employ repeated restraint and exposure to MRI noises over a number of days,^[@R2],[@R25],[@R43],[@R45]^ but the behavioral effects of training have not yet been fully validated---CORT levels, breathing and heart rates drop over 3 days of training but appropriate baseline comparison measures have not been reported, and the only behavioral outcome measures noted are physical struggling and audible vocalizations. These are problematic because neither outcomes are visible or audible when an animal is within a noisy scanner bore, and the majority of rodent communication is at frequencies inaudible to humans ie, alarm calls are emitted at ∼22 kHz.^[@R8]^ Reed et al.^[@R58]^ investigated the behavioral effects of restraint training and found that 22 kHz calls reduce over 5 days, but immobility in the forced swim test increases, suggesting a form of learned helplessness in MRI-trained rodents. Here, we demonstrate that repeated MR training can affect behavioral responses to the formalin pain test 2 weeks later, which is coupled with altered cell activation in the amygdala. Together with the similarity in training protocols to rodent fibromyalgia^[@R29],[@R41]^ and post-traumatic stress disorder models,^[@R70]^ it is possible that repeated restraint training causes long-term alterations in an array of behaviors, which could potentially confound the interpretation of functional BOLD responses, particularly in the pain field.

Training protocols for awake rodent fMRI are highly variable (Table [1](#T1){ref-type="table"}). However, we have incorporated the most critical aspects that are known to cause stress---namely, physical restraint and exposure to loud noise over a number of days. Training protocols also briefly anesthetize rodents for restraint. This brief (\<5 minutes) repeated anesthesia rapidly influences CORT levels in female rats,^[@R5]^ and brief isoflurane can cause biochemical and hormonal changes in both genders.^[@R20],[@R73],[@R74]^

Some laboratories immobilize the head only to allow more free movement of the body,^[@R9],[@R24],[@R26]^ but these protocols still involve bodily restraint of some form, which is stressful for predated rodents. Other laboratories train animals for longer periods up to 10 days,^[@R31],[@R32]^ but chronic exposure to restraint and noise stressors can also cause changes in pain behaviors.^[@R10]^ Thus, one goal of the current report is to encourage researchers to verify whether or not their training protocols affect behavioral outcome measures, despite finding near normal stress levels. Indeed, King et al.^[@R42]^ showed that CORT levels return to baseline levels by day 3 of training, but we have shown that despite trained rats\' CORT levels being indistinguishable from control rats after a pain test 2 weeks after training, behavior and brain activation patterns were quantitatively different. This suggests that CORT levels alone may not fully describe the longer-term stress-related effects of MRI training.

In conclusion, we have investigated the long-term behavioral, hormonal, and cellular effects of MRI restraint training for imaging of awake rodents and have shown that MRI restraint training can cause increases in CORT levels and may cause long-lasting alterations in pain behavior, as shown by reduced responses to the formalin test 2 weeks later. This restraint stress also altered cellular activation of the "nociceptive" CeA, showing that restraint training for awake imaging of rodents may qualitatively alter brain activation, therefore presenting a potentially serious confound for interpretation of these studies. We encourage researchers interested in awake rodent imaging to carefully design their training protocols and verify that the protocols used cause minimal effects to behavioral outcome measures at all imaging time points, to help limit the potential stress-related effects of training.
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